Background: The anti-CD20 monoclonal antibody rituximab (RTX) has been proposed as a rescue therapy for difficult-to-treat nephrotic syndrome (NS). We conducted a clinical trial to evaluate the efficacy and safety of RTX in children with difficult-to-treat NS dependent on or resistant to steroids and calcineurin inhibitors (CNIs).
Introduction
In children, idiopathic nephrotic syndrome (NS) generally responds well to corticosteroid treatment. However, most patients become dependent on steroid treatment, with frequent relapse. As long-term use of steroids in children is accompanied by adverse effects such as growth impairment, obesity, osteopenia, hypertension, and cataract, calcineurin inhibitors (CNIs) are recommended as steroid-sparing agents. [1] [2] [3] [4] Unfortunately, CNIs remain effective only while the patient continues to take the treatment, providing no long-lasting benefits. Therefore, many patients become dependent on CNIs, which also have side effects such as nephrotoxicity, hypertension, and diabetes mellitus. [3, 5, 6] On the contrary, 10% to 20% of NS patients do not respond to steroid treatment; in such patients, remission is sometimes achieved with CNI treatment, but resistance to both steroids and CNIs is also noted. Patients who fail to achieve remission with steroid and CNI therapy are known to have a poor prognosis, and rapid progression to end-stage renal disease occurs in >50% of cases. [7] Rituximab (RTX), a monoclonal antibody targeting the CD20 antigen of B lymphocytes, has recently been introduced as rescue therapy for difficult-to-treat NS, on the basis of favorable clinical observations. [8] [9] [10] [11] [12] [13] Two randomized controlled trials (RCTs) have proved the efficacy and safety of RTX in patients with steroid-dependent NS, [14, 15] whereas another RCT reported no benefit of RTX in patients with NS-resistant to steroids and CNIs. [16] However, some observational studies reported that RTX induced remission in patients resistant to conventional treatment. [17] [18] [19] The dosing regimen of RTX in NS patients varied widely in the previous publications. In most studies, RTX was administered at a dose of 375 mg/m 2 once weekly for 4 weeks, which is similar to the protocol for the treatment of B-cell lymphoma. [10, 13, 15, 17, 18] Other studies have used single infusion of RTX. [9, 14, 16] The optimal dosing schedule of RTX in NS has not been determined.
In this study, we aimed to evaluate the efficacy and safety of single-dose RTX in childhood-onset, difficult-to-treat NS dependent on or resistant to steroids and CNIs.
Methods

Study design
A multicenter open-label trial was conducted in Korean patients with childhood-onset NS to evaluate the efficacy and safety of single-dose RTX. This investigation was designed as an RCT for steroid-and CNI-dependent NS (drug-dependent NS, DDNS), and as a single-arm study for steroid-and CNI-resistant NS (drug-resistant NS, DRNS). Eight major centers in Korea participated in this trial. This study was conducted in compliance with the current version of the Declaration of Helsinki and with the Korean Good Clinical Practice guidelines in effect at the time of the study. The study was approved by the ethics review committee of each participating hospital. Each participant entered the study only after informed consent was obtained from the legal guardians and/or the participant, as appropriate; assent was obtained from all pediatric patients. The trial was registered with ClinicalTrials.gov under trial registration number NCT01716442.
The inclusion criteria were as follows: age <24 years, and diagnosis of idiopathic NS established before the age of 18 years. The RCT of DDNS enrolled patients with steroid dependence and CNI dependence for >2 years, who had achieved remission with conventional treatment consisting of oral corticosteroids (60 mg/ m 2 /d; maximum daily dose of 60 mg), with or without CNIs. Patients not taking CNIs because of intolerance to the medication were also considered eligible. Steroid and CNI dependence was defined as 2 consecutive relapses during steroid or CNI therapy or within 2 weeks of discontinuation of the respective medication. The single-arm study of DRNS enrolled patients who did not achieve remission of NS despite continuous use of steroids and CNIs for >3 months. The exclusion criteria were as follows: estimated glomerular filtration rate (GFR) <60 mL/min/1.73 m 2 of body surface area; active or chronic infection; live-attenuated vaccination within 1 month leading up to the study; underlying cardiovascular or pulmonary disease; uncontrolled hypertension; neutropenia or thrombocytopenia; pregnancy or potential pregnancy; patients with known genetic causes such as NPHS1, NPHS2, WT1, or LAMB2; and previous use of RTX.
In the RCT of DDNS, participants were randomly assigned to the RTX group or the control group (conventional therapy) in a ratio of 2:1, using stratified block randomization, according to sex and age (Fig. 1A) . Randomization was conducted using a computer-generated allocation sequence on the randomization website of Medical Research Collaborating Center of Seoul National University Hospital. In the single-arm study of DRNS, all patients received RTX in addition to their preenrollment treatment with steroids and/or CNIs (Fig. 1B) . All participants were evaluated at baseline, week 2, week 4, and every 4 weeks thereafter for 1 year. Remission and relapse of NS were defined according to the Kidney Disease: Improving Global Outcomes (KDIGO) guideline. 
Treatment protocol
In the RCT of DDNS, patients in the RTX group received a single dose of intravenous RTX (375 mg/m 2 ; maximum of 500 mg) in addition to steroids and/or CNIs, whereas patients in the control group were treated conventionally, only with steroids and/or CNIs. As long as remission was maintained, oral corticosteroids were reduced to 40 mg/m 2 administered every other day for 4 weeks and then tapered by 25% every 4 weeks for 3 months, followed by CNI tapering by 25% every 4 weeks. In the singlearm study of DRNS, patients continued their preenrollment treatment with steroids and CNIs during and after RTX treatment (single dose of intravenous RTX; 375 mg/m 2 ; maximum of 500 mg); once remission was achieved, the steroid dose was reduced by 25% every 4 weeks, followed by CNI tapering by 25% every 4 weeks. B-cell depletion by RTX treatment was monitored by counting the CD19(+) cells in peripheral blood samples obtained at week 2. This strategy was chosen because the CD19(+) cell count is recognized as a useful B-cell marker after RTX treatment. [20] A second RTX dose was administered if the first dose failed to achieve depletion of CD19(+) cells.
Study outcomes and safety
The primary endpoints were the rate of maintaining remission at 6 months after enrollment for the RCT of DDNS, and the rate of remission within 6 months after RTX administration for the single-arm study of DRNS. The secondary endpoints of the RCT of DDNS were the duration of remission, relapse rate per year, duration of steroid-and CNI-free period, steroid and CNI dosage during the study, and steroid and CNI toxicity. For the DRNS study, the secondary endpoints were the remission rate at 3, 6, 9, Medicine and 12 months, as well as the change in the following variables from enrollment to 1 year after treatment: renal function, dosage of steroids and/or CNIs, and steroid and/or CNI toxicity. The height Z-score, body mass index (BMI) Z-score, estimated GFR, and prevalence of hypertension were used in the assessment of steroid and CNI toxicity. Safety was assessed using the Common Terminology Criteria for Adverse Events, version 4.0.
Statistical analysis
In the RCT of DDNS, the required sample size was calculated considering an expected remission rate of 60% in the RTX group and 20% in the control group at 6 months from study entry, according to the literature reports on RTX available at the time of study initiation. [14] To attain 80% power at the nominal level of 2-sided alpha of 0.05, the required sample sizes were estimated as 40 participants for the RTX group and 20 participants for the control group, considering a dropout rate of 10% in the RTX group and 30% in the control group. To compare the 2 groups in the RCT of DDNS, the x 2 test or Fisher exact test was used for categorical variables, whereas the 2-sample t test or Wilcoxon rank-sum test was used for continuous values, as appropriate. The duration of remission was analyzed using the log-rank test, whereas time-to-event data were examined using Kaplan-Meier analysis. The incidences of relapse and infection were calculated as the number of events per person-years.
A similar approach was followed for estimating the required sample size for the single-arm study of DRNS. Specifically, the required sample size was 27 participants, considering an expected remission rate of 40% in the study group, based on the outcomes of standardized therapeutic studies, which reported 6-month remission rates of <5% for steroid-resistant NS. [21, 22] The remission rates were analyzed using a binomial test.
Values recorded before and after the study were compared using the paired t test or Wilcoxon signed rank-sum test. Data regarding hypertension and estimated GFR were analyzed using mixed models or generalized estimating equations adjusted for the clustering effect.
Results
Efficacy of RTX in DDNS
Sixty-one patients with DDNS were enrolled and randomly assigned to either the RTX group (n = 40) or to the control group (n = 21) ( Fig. 2A ). Of these, 51 participants were followed up for >6 months and thus included in the final analysis (RTX group, n = 35; control group, n = 16). The mean age at the first NS diagnosed was 4.8 years. At the time of enrollment in the study, the mean duration of treatment for NS was 8.3 years. Before enrollment, most participants (67%) had experienced one or more adverse effects of steroid or CNI treatment. The baseline characteristics of the participants did not differ significantly between the 2 groups (Table 1) .
At 6 months after enrolment, 74.3% (26/35) of patients in the RTX group were at remission, whereas 68.7% (11/16) of patients in the control group were in relapse (P = .003). The median duration of remission throughout the study was 9.0 months in the RTX group and 2.9 months in the control group (Kaplan-Meier analysis, P = .004; Fig. 3A ). Relapse rate was significantly lower in the RTX group than in the control group (3.4/person-year vs 9.4/person-year, P = .006). Corticosteroid dosage during the study period was significantly lower in the RTX group than in the control group, and lower than that noted during the year leading up to study enrollment among patients in the RTX group; the duration of the steroid-free period was significantly longer in the RTX group than in the control group (Table 2) . CNIs dosage was significantly lower, and the duration of the CNI-free period was significantly longer during the study period than during the year leading up to the study among patients in the RTX group; nevertheless, the differences between the RTX group and the control group were not statistically significant ( Table 2 ). The beneficial effect of RTX in terms of reducing the use of steroids and/or CNIs was clinically evident as well; specifically, the height Z-scores increased and prevalence of hypertension decreased from baseline to the end of the study in the RTX group, whereas no such changes were noted in the control group (Table 3) . BMI and estimated GFR did not change significantly in either group.
Efficacy of RTX in DRNS
The single-arm study of DRNS enrolled 26 patients, of whom 23 were eventually treated with RTX (Fig. 2B) . The mean age at the Table 1 ). The baseline characteristics of the participants are summarized in Table 1 . Before enrollment, 70% had experienced one or more adverse effects of steroid or CNI treatment. Within 6 months after administration of RTX, 9 of 23 patients (39.1%) achieved partial (n = 2) or complete (n = 7, 30.4%) remission of proteinuria (binomial test, P < .001, Fig. 3B ) The rates of partial or complete remission at 3, 6, 9, and 12 months were 34.8%, 39.1%, 43.5%, and 34.8%, respectively (binominal test, P < .001). The characteristics of patients who achieved complete remission (n = 7) differed from those of patients who did not (n = 16), especially regarding proteinuria and serum albumin levels at the time of RTX infusion (see Table S1 , Supplemental Digital Content, Table 1 Baseline characteristics of patients with childhood-onset, difficult-to-treat nephrotic syndrome. Two types of investigations were conducted, namely a randomized controlled trial of DDNS (rituximab vs control), and a single-arm study of DRNS (all patients received rituximab). Data are given as number, number (frequency), number/total observations (frequency), or mean ± standard deviation, as appropriate. DDNS = drug-dependent nephrotic syndrome, DRNS = drug-resistant nephrotic syndrome, FSGS = focal segmental glomerulosclerosis, GFR = glomerular filtration rate, NA = not applicable, NS = nephrotic syndrome. http://links.lww.com/MD/C621, which provides an overview of the characteristics of DRNS patients stratified according to whether complete remission was achieved within 6 months after RTX infusion); patients with complete remission had lower proteinuria and higher level of serum albumin (urine protein/ creatinine ratio: 2.5 ± 2.5 vs 11.0 ± 14.3 mg/mg, P = .03; serum albumin: 3.4 ± 0.7 vs 2.1 ± 0.8 mg/dL, P = .002). Steroid dosage decreased significantly after RTX treatment, but differences in CNI dosage and duration of drug-free period were not evident ( Table 2) . Following RTX treatment, the participants became slimmer, as BMI decreased but height remained unchanged; the estimated GFR and prevalence of hypertension did not change significantly after RTX treatment (Table 3 ).
Other effects of RTX
In all patients treated with RTX, CD19(+) B cells were depleted within 2 weeks after 1 or 2 (n = 9) doses of RTX. In DDNS patients, the proportion of B cells expressing CD19 was 0.86% at 3 months and 6.08% at 6 months after treatment (Fig. 4A) . The mean duration of B-cell depletion in DDNS patients was 103.0 ± Table 3 Steroid and calcineurin inhibitor toxicity in patients with childhood-onset, difficult-to-treat nephrotic syndrome. Two types of investigations were conducted, namely a randomized controlled trial of DDNS (RTX vs control), and a single-arm study of DRNS (all patients received RTX). Data are given as number (frequency), number/total observations (frequency), or mean ± standard deviation, as appropriate. BMI = body mass index, CNI = calcineurin inhibitor, DDNS = drug-dependent nephrotic syndrome, DRNS = drug-resistant nephrotic syndrome, eGFR = estimated glomerular filtration rate. * P < .05. * * P < .001 for at enrollment versus end of the study.
DDNS DRNS (n
a P value obtained using generalized estimating equation analysis. Table 2 Comparison of relapse rate, drug dose, and drug-free period in patients with childhood-onset, difficult-to-treat nephrotic syndrome. Two types of investigations were conducted, namely a randomized controlled trial of DDNS (RTX vs control), and a single-arm study of DRNS (all patients received RTX). Data are given as mean ± standard deviation. CNI = calcineurin inhibitor, DDNS = drug-dependent nephrotic syndrome, DRNS = drug-resistant nephrotic syndrome, NA = not applicable, RTX = rituximab. * P < .05. * * P < .001 for previous year versus during the study.
DDNS (n
a Baseline steroid and CNI dose information was not available in one patient. Because of long-term treatment with CNI, 4 patients discontinued CNI before the study.
b
Baseline steroid and CNI dose information was not available in one patient. One patient was changed from cyclosporine to tacrolimus during the study period.
Ahn et al. Medicine (2018) 97:46 Medicine 63.7 days. Relapse after RTX treatment was not always related to recovery of B cells; specifically, 4 patients had <1% CD19(+) B cells at the time of NS relapse. On the contrary, the duration of Bcell depletion after RTX treatment in DRNS patients was 40.9 ± 70.0 days, which is significantly shorter than that noted among DDNS patients (P = .004) (Fig. 4B) .
Safety of RTX treatment
Regarding adverse events, 30 of 59 participants (50.8%) treated with RTX experienced infusion reactions such as chest discomfort, fever, vomiting, or skin rash, which responded to antihistamine management and reduction in the rate of infusion. Discontinuation of infusion was necessary in 5 patients, all of whom were able to tolerate subsequent RTX administration. Twenty-one patients (35.6% of RTX-treated participants) experienced infection (mostly mild) after RTX treatment. Overall, 45 patients (76.3% of RTX-treated participants) experienced adverse effects; however, among DDNS patients, there were no significant differences between the RTX group and the control group regarding the overall incidence of adverse events and infection (Table 4) . Reported severe adverse events included chest discomfort, epigastric pain, periumbilical pain, urticaria, influenza, and otitis media. One patient died of hypertensive encephalopathy at 10 months after RTX treatment, but the event was judged to be due to complications associated with intractable NS, and not to RTX treatment.
Discussion
In this prospective clinical trial, RTX was effective for childhoodonset, difficult-to-treat NS. A single dose of RTX treatment increased the duration of remission, reduced the need for steroids and CNIs (in terms of dosage and frequency of use), and induced remission in more than one-third of DRNS patients. Adverse events were mostly mild and transient. In this study, the efficacy of single-dose RTX in DDNS was comparable to the efficacy previously reported for treatment involving multiple doses of RTX. Specifically, we found remission rates of 85.7% at 3 months, whereas previous RCTs reported 3-month remission rates of 81.5% with 1 or 2 doses of RTX and 83.3% with 4 doses (1 per week) of RTX; at 6 months, we found a remission rate of 74% for single-dose RTX, compared with 75% previously reported for multiple doses of RTX. Several other studies have also reported that single-dose or low-dose RTX therapy is effective in nonmalignant conditions including NS. [9, [23] [24] [25] [26] [27] [28] In this study, very few patients did not achieve complete eradication of CD19(+) B cells at week 2 after RTX infusion, and thus were given a second dose of RTX. Complete B-lymphocyte depletion was also observed after the first of 4 RTX doses administered in a previous study, [15] which reported a longer duration of B-cell depletion (B cells <1% for a mean of 148 days, 21 weeks vs 102 days, 14.6 weeks in the present study) [15] ; however, considering that RTX treatment in the previous study took 4 weeks (with one RTX dose per week), Table 4 Adverse events in patients with childhood-onset, difficult-to-treat nephrotic syndrome. whereas the treatment in our study consisted of a single dose of RTX, the difference regarding duration of B-cell depletion would actually be <3 weeks. Although the optimal dosage and interval of RTX administration in NS are yet to be established, single-dose RTX seems as effective as multiple-dose treatment provided that B-cell eradication is successful. On the contrary, the efficacy of RTX for DRNS has been questionable. Some observational studies suggested that RTX was effective for inducing remission of NS, [17] [18] [19] 29, 30] and a multicenter cohort study reported that 48.5% (16/33) of patients with steroid-resistant NS achieved complete or partial remission at 6 months after RTX treatment. [18] RTX in combination with high-dose steroid and CNI treatment has been suggested as a possible therapeutic option for patients with DRNS. [17, 18] However, an RCT reported that RTX failed to improve remission rates over those noted for conventional therapy in DRNS. [16] In our study, 39.1% of patients achieved partial or complete remission within 6 months of RTX treatment, which is similar to the findings of the previous cohort study. Such inconsistent results might be caused by the heterogeneity of DRNS manifestations. An international cohort study involving genetic analysis of 27 genes known to be associated with NS found that 29.5% of steroid-resistant NS cases involved a single-gene cause. [31] Although we excluded patients with known genetic causes such as NPHS1, NPHS2, WT1, or LAMB2, some of our participants might be carrying a yet unknown genetic factor of NS. In fact, among 13 patients who did not show any response to RTX, 3 patients were later found to harbor NUP107 gene mutations. [32] Compared with RTX responders, RTX nonresponders had more severe nephrotic features at baseline. It is possible that, in DRNS, severe proteinuria causes urinary loss of immunoglobulin and thus of RTX, which is a monoclonal immunoglobulin G antibody, resulting in a severely shorter half-life of RTX; indeed, the half-life of RTX was previously reported to be <1 day. [33] Furthermore, in our study, the duration of B-cell depletion was much shorter in patients with DRNS than in those with DDNS. In addition, 30.4% (7/23) of patients with DRNS compared with only 5.7% (2/35) of patients with DDNS required a second dose of RTX for B-cell depletion. These findings suggest that multipledose RTX treatment might be more effective for inducing remission in patients with DRNS, who would benefit from monitoring of RTX concentration and more frequent monitoring of B-cell counts.
In patients with difficult-to-treat NS, long-term use of steroids and CNIs is associated with considerable adverse effects. Indeed, previous studies reported steroid or CNI toxicity in 44% to 75% of NS patients on long-term treatment, [14, 15] which is consistent with our present findings, namely, that two-thirds of patients had experienced adverse effects of steroid or CNI treatment at the time of enrollment in this study. RTX treatment did ameliorate drug toxicity, especially in DDNS patients, and facilitated significant reduction in steroid and CNI exposure, which is in agreement with previous observations. [15, 24, 34, 35] Regarding the safety of RTX, we found an infection rate of 36.1% and an in incidence of serious adverse events of 8.3% in DDNS patients who underwent RTX treatment; these rates are lower than those reported in a previous RCT that employed 4 doses of RTX, with one dose per week (96% and 42%, respectively). [15] The discrepancy might stem from differences in the use of concomitant immunosuppressive medications, or, more likely, from the difference in cumulative dose of RTX, which was lower in our study. Most adverse events noted in our study, including infection, were mild and treatable. Progressive multifocal leukoencephalopathy and pulmonary fibrosis, which represent serious adverse effects of RTX treatment, [36, 37] did not occur during the observation period of our study. However, longer-term observation is mandatory for these patients because such complications might develop as late adverse events. [37] This study had some limitations. Our RCT for DDNS was not placebo-controlled and not blinded; therefore, some bias might be introduced. However, the authors had expected that the bias would be minimal because our endpoints were rather objective. On the contrary, the DRNS study had no control group. The authors had reckoned that it was not ethical to continue ineffective therapy in the control group during the observation period for the purpose of the study. In addition, the observation period of this study was one year, which was not long enough to assess the long-term effects and safety of RTX. We need to observe the patients enrolled in our study for a longer time to assess the long-term outcomes.
In conclusion, our study laid one more piece of evidence that RTX can be safe and effective in patients with childhood-onset, medication-dependent NS. In addition, more than one-third of patients with the medication-resistant NS may achieve remission with RTX treatment. Finally, one dose of RTX is likely sufficient to achieve B-cell depletion in patients with NS and is moreover associated with a lower incidence of adverse events; if necessary, a second dose may be administered. Controlled studies are warranted to determine the optimal dosing and interval for administration of RTX in patients with difficult-to-treat NS.
